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In Brief
The plant synaptotagmin SYTA is needed for diverse viral movement proteins to alter plasmodesmata for virus cell-to-cell movement. Levy et al. show that SYTA is required to form ER-PM contact sites and that MP TVCV interacts with SYTA to remodel these sites, relocate SYTA to plasmodesmata, and form virus replication sites for movement.
SUMMARY
Metazoan synaptotagmins are Ca 2+ sensors that regulate exocytosis and endocytosis in various cell types, notably in nerve and neuroendocrine cells [1, 2] . Recently, the structurally related extended synaptotagmins were shown to tether the cortical ER to the plasma membrane in human and yeast cells to maintain ER morphology and stabilize ER-plasma membrane (ER-PM) contact sites for intracellular lipid and Ca 2+ signaling [3, 4] . The Arabidopsis synaptotagmin SYTA regulates endocytosis and the ability of plant virus movement proteins (MPs) to alter plasmodesmata to promote virus cell-to-cell transport [5, 6] . Yet how MPs modify plasmodesmata, the cellular functions of SYTA and how these aid MP activity, and the proteins essential to form plant cell ER-PM contact sites remain unknown. We addressed these questions using an Arabidopsis SYTA knockdown line syta-1 and a Tobamovirus movement protein MP TVCV [5, 7] . We report here that SYTA localized to ER-PM contact sites. These sites were depleted and the ER network collapsed in syta-1, and both reformed upon rescue with SYTA. MP TVCV accumulation in plasmodesmata, but not secretory trafficking, was also inhibited in syta-1. During infection, MP TVCV recruited SYTA to plasmodesmata, and SYTA and the cortical ER were subsequently remodeled to form viral replication sites adjacent to plasmodesmata in which MP TVCV and SYTA directly interacted caged within ER membrane. SYTA also accumulated in plasmodesmata active in MP TVCV transport. Our findings show that SYTA is essential to form ER-PM contact sites and suggest that MPs interact with SYTA to recruit these sites to alter plasmodesmata for virus cell-to-cell movement.
RESULTS AND DISCUSSION
Movement proteins (MPs) mediate cell-to-cell transport of viral genomes across the plant cell wall for local and systemic infection. Different models of how diverse plant viruses accomplish this share three key features: MPs alter the permeability of plasmodesmata (PD), complex transwall channels that regulate plant cell-cell communication; MPs coordinate the replication of viral genomes with their transport to PD; and ER and vesicle transport are required for distinct MPs to traffic to and alter PD [6, 8] . Despite intense efforts, we do not understand how selective transport occurs through PD or how viral MPs reach PD and alter their permeability. Arabidopsis SYNAPTOTAGMIN A (AtSYTA, also known as AtSYT1; hereafter SYTA) regulates MP-mediated cell-to-cell movement for diverse plant viruses [5, 6] . SYTA is one of five synaptotagmins (SYTs) encoded by Arabidopsis thaliana [5, 9] , all of which are predicted to have the domain structure that typifies their animal orthologs: an uncleaved signal peptide and overlapping N-terminal transmembrane domain, followed by a cytosolic variable region and tandem C2 Ca 2+ /lipid-binding domains, C2A and C2B [1, 2] . SYTs are evolutionarily conserved in metazoans and plants, but not found in yeast [9] . Mammalian SYT1, the best-studied SYT, acts as a Ca 2+ sensor to trigger rapid exocytosis of neurotransmitters or hormones in neurons or neuroendocrine cells and to regulate endocytosis to retrieve cell-surface membrane [1, 2] . Key to these activities are C2A and C2B, which, upon binding Ca 2+ , interact with cellular proteins and plasma membrane lipids to mediate membrane fusion for exocytosis or regulate endocytosis [1, [10] [11] [12] . Metazoan SYTs comprise a large gene family, and they vary widely in their affinity for Ca 2+ and regulate exo/ endocytosis in a variety of cell types [1, 2] .
SYTA Localizes to ER-PM Contact Sites
Mammals encode three SYT-related extended synaptotagmins (E-SYT1, E-SYT2, and E-SYT3), which have three or five C2 domains. E-SYTs are ubiquitously expressed and evolutionarily conserved, including three orthologs in yeast (tricalbins Tcb1p, Tcb2p, and Tcb3p), each with three C2 domains [4, 9, 13] . A second distinct feature from classical SYTs is an SMP domain within the E-SYT variable region [3, 4, 14] . These lipid-binding modules are proposed to function in lipid transfer at anchored zones between organelles called membrane contact sites [14] . Human E-SYTs and yeast Tcbs are ER-anchored proteins that tether the cortical ER to the plasma membrane via their C2 domains to maintain ER reticulate structure and stabilize ER-plasma membrane (ER-PM) contact sites for non-vesicular intracellular signaling. Like classical SYTs, SYTA has two C2 domains, regulates endocytosis in plant cells, and can be found on cytosolic vesicles. SYTA C2B is also essential for regulating endocytosis and MP-directed cell-to-cell transport via PD for diverse plant viruses, including the Tobamoviruses Tobacco mosaic virus (TMV) and Turnip vein clearing virus (TVCV) [5, 6] . But, similar to E-SYTs, SYTA localizes to discrete focal areas along the plasma membrane in plant cells [5, 15] , and our analyses predicted an SMP domain between amino acid residues 69-248 in the SYTA variable domain and at the equivalent position in Arabidopsis SYTs B, C, D, and E ( Figures S1A and S1D) . The SMP domain of human E-SYT2 forms a b-barrel that dimerizes to create a hydrophobic cylindrical channel, which can contain lipids [16] . Our modeling to this structure predicted that the SYTA SMP domain can form this characteristic b-barrel, comprising a twisted b sheet and two a helices, with a third helix partially capping one end of the barrel (Figures S1B and S1C) .
To determine whether the focal areas of SYTA at the plasma membrane were ER-PM contact sites, we transiently coexpressed a functional SYTA-GFP fusion and the ER marker RFP-HDEL in Nicotiana benthamiana leaves [5, 17] . We also co-expressed SYTA-RFP and Arabidopsis VAP27-GFP. VAP27, a plant homolog of the yeast ER-PM contact site protein Scs2, and NET3C, a member of a plant-specific superfamily of actinbinding proteins, localize to ER-PM contact sites in plant cells, where together they interact with actin and microtubules to help to organize these sites [18] . SYTA-GFP localized along the plasma membrane in a punctate pattern that, unlike the dynamic ER network, corresponded to immobile nodes on the cortical ER (Pearson correlation coefficient [PCC]: 0.57 ± 0.01; co-occurrence: 96.5% ± 0.6%; Figure 1A ; Movie S1). VAP27-GFP, as reported, labeled ER-PM contact sites and the ER tubular network [18] . SYTA-RFP co-localized with VAP27-GFP at the immobile ER-PM contact sites (PCC: 0.46 ± 0.01), with 92.0% ± 2.4% of SYTA and 85.0% ± 3.2% of VAP27 co-occurring at these sites ( Figure 1B) . Likewise, 94.0% ± 0.8% of SYTA-GFP and 94.0% ± 2.0% of RFP-tagged Ist2 , a fragment of yeast Ist2 that localizes to ER-PM contact sites [4] , co-localized at these static ER nodes (PCC: 0.48 ± 0.01; Figure S1E ).
SYTA Is Required to Tether the ER to the Plasma Membrane
The reticulate architecture of the cortical ER is a consequence of the ER being tethered to the plasma membrane [3, 4] . If SYTA, like E-SYTs and Tcbs, was a ER-PM-tethering protein and required to form Arabidopsis ER-PM contact sites, then ER morphology should be abnormal in our Col-0 SYTA knockdown mutant syta-1 [5] and restored to wild-type (WT) morphology when complemented with SYTA. We stably transformed our homozygous syta-1 mutant with a full-length clone of the endogenous Col-0 SYTA genomic locus that included the SYTA promoter and in which the SYTA coding sequence 3 0 end was fused to TagRFP-T to produce a tagged functional SYTA-RFP [5] . These rescued lines (syta-1;gSYTA-RFP) complemented the inhibition of MP-mediated virus cell-to-cell movement and hypersensitivity to high salt exhibited by syta-1 [6, 15] : TVCV cellto-cell spread, assessed as infection site sizes on inoculated leaves, and the rate of root elongation in 100 mM NaCl were restored to the levels in WT Col-0 ( Figures S2A-S2D ).
To examine ER morphology in WT Col-0, syta-1, and our SYTA-RFP rescued lines, we generated stable mCherry-HDEL transformants and also transiently expressed GFP-HDEL in Arabidopsis leaves [5] . In contrast to the cortical ER reticulate morphology in WT Col-0, the ER in syta-1 was unstructured, appearing fragmented in stable syta-1 mCherry-HDEL transformants and collapsed in the interior of syta-1 cells that transiently expressed GFP-HDEL ( Figures 1C and S3A-S3E ). High-resolution imaging of the latter identified some labeled cortical ER tubules and what may be ER-PM junctions; but these junctions appeared distorted and did not support the typical ER polygonal structure ( Figure S3E ), consistent with syta-1 expressing low levels of a truncated, yet functional form of SYTA [5] . Time-lapse imaging showed rapid ER streaming with no apparent stable nodes in syta-1, as opposed to the stable reticulate ER with its static nodes and minimal movements in WT Col-0 (Movies S2 and S3). Importantly, both stable mCherry-HDEL transformants and GFP-HDEL expression showed that normal ER network morphology was restored in SYTA-RFP rescued lines ( Figures  1C, S3A , and S3F-S3I).
We also crossed our SYTA-RFP rescued line with a stable Col-0 transformant that expressed YFP-HDEL [17] . Fitting with our VAP27 co-localization studies, SYTA-RFP in these F1 lines localized to static ER-PM junctions that corresponded to stationary nodes on the cortical ER network (co-occurrence: 85.0% ± 2.0%; PCC: 0.38 ± 0.01; Figure 1D ). We further identified segregating YFP-HDEL;syta-1;SYTA-RFP F2 lines that did not contain the WT SYTA locus introduced in the F1 cross ( Figure S2E ). Endogenous YFP-HDEL expression in these F2 lines clearly showed that the fragmented ER in the syta-1 background (Figure 1C ) was restored to its normal reticulate morphology by expression of endogenous SYTA-RFP, which localized to static ER-PM junctions (co-occurrence: 86.2% ± 1.5%; PCC: 0.32 ± 0.006; Figure 1E ). Transient GFP-HDEL expression in SYTA-RFP rescued lines gave the same results ( Figures S3F-S3I ). In both stable and transiently expressing FP-HDEL plants, 15% of SYTA-RFP appeared on what may be cytoplasmic vesicles ( Figures 1D, 1E , S3G, and S3H). As the plant actin cytoskeleton has roles in organizing the ER network and ER-PM contact sites [18, 19] , we transiently expressed the filamentous F-actin marker UtrCH-GFP [20] in syta-1 and SYTA-RFP rescued lines. The actin cytoskeleton was not altered in either line and SYTA did not co-align with actin microfilaments in SYTA-RFP rescued lines ( Figure S2F ). Thus, altered microfilaments did not explain the unstructured ER in syta-1. We conclude that SYTA at ER-PM contact sites tethers the ER to the plasma membrane in Arabidopsis, as do E-SYTs in mammalian cells and Tcbs in yeast.
SYTA Is Required for MP
TVCV to Accumulate in PD SYTA regulates the cell-to-cell trafficking of MPs encoded by TMV and TVCV and by Cabbage leaf curl virus (CaLCuV, a Begomovirus) and Turnip mosaic virus (TuMV, a Potyvirus), and it is necessary for TVCV, CaLCuV, and TuMV infectivity in Arabidopsis [5, 6] . SYTA does not regulate secretory traffic [5] . This suggests that SYTA is required for these MPs to target to PD and/or modify PD gating and raised the question of whether SYTA-tethered ER-PM sites were involved in MP transport to PD. To address this, we focused on MP TVCV . MP TMV and MP TVCV are well-characterized models for MP function: both localize to PD throughout infection and, when autonomously expressed, are among the most reliable PD markers [7, [21] [22] [23] . We transiently expressed MP TVCV -GFP or PDLP1-GFP in WT Col-0 and syta-1 leaf cells and analyzed their accumulation at PD using integrated density measurements. The PD integral membrane protein PDLP1 traffics through the secretory pathway and labels all PD [23, 24] . Thus, PDLP1 assessed protein trafficking to PD via the secretory pathway and was an independent PD marker. At 24 hr post-bombardment, MP TVCV -GFP accumulated in PD in syta-1 to 50% of the levels detected in WT Col-0, whereas we found no statistical difference in PDLP1- GFP accumulation at PD (Figures 2A and  S4A-S4D ). PD density was the same in both lines: 3.17 ± 0.6 PDLP1-labeled PD per 100 mm cell wall in WT Col-0 versus 3.19 ± 0.75 in syta-1. Thus, SYTA was necessary for MP TVCV , but not for PDLP1, to accumulate in PD, and despite the altered ER morphology, the secretory pathway was not overtly impaired in syta-1. This was consistent with our conclusion that SYTA does not regulate secretory traffic [5] . We expressed secGFP, a secreted form of GFP [25] , to further show this: similar levels of secGFP were secreted in WT Col-0 and syta-1 ( Figures  S4E-S4H) . Thus, secretory trafficking neither required SYTA activity at ER-PM contact sites nor was the route for MP TVCV targeting to PD.
MP
TVCV Recruits SYTA to PD to Form TVCV Replication Sites TMV and TVCV replicate their positive-sense RNA genomes at sites that form in association with ER membranes in the cell cortex [7] . Infectious TMV/TVCV replicons that express tagged functional MPs produce infection sites on inoculated leaves that provide a time course of infection and a detailed view of MP TMV and MP TVCV localization throughout infection and in relation to virus replication [7, 21] . Early in infection, MP TVCV and MP TMV are on motile vesicles and associate with cortical ER membranes to form virus replication sites adjacent to PD. These replication sites enlarge and the cortical ER network collapses as infection progresses. At the final stages, MP TMV and MP TVCV are degraded, virus replication sites disappear, and the cortical ER network reappears [7, 21] . SYTA can directly bind MPs in vitro [5] . Might MP TVCV interact with SYTA at ER-PM contact sites to form TVCV replication sites adjacent to PD and facilitate viral genome cell-to-cell movement?
To examine this in N. benthamiana, we transiently co-expressed SYTA-GFP and MP TVCV -RFP or expressed SYTA-GFP in leaves inoculated with our TVCV::MP-RFP replicon [7] . As expected, MP TVCV localized to PD in uninfected cells; but only 33.7% ± 4.4% of SYTA-GFP-labeled ER-PM contact sites were associated with MP TVCV -RFP-labeled PD, and SYTA often appeared to be adjacent to MP TVCV (PCC: 0.35 ± 0.02; Figures   3A-3C ). Using bimolecular fluorescence complementation (BiFC), we also did not detect a YFP signal at PD when we co-expressed SYTA-nEYFP and MP TVCV -cEYFP or SYTA-cEYFP and MP TVCV -nEYFP ( Figure S4I ). In contrast, early in TVCV infection 76.1% ± 4.0% of SYTA-GFP-labeled ER-PM contact sites were at MP TVCV -RFP-labeled PD, SYTA and MP TVCV colocalized at these PD (PCC: 0.44 ± 0.02; Figures 3D-3F) , and BiFC analyses of SYTA-nEYFP expressed in TVCV::MP-cEYFP-infected cells produced a YFP signal, whereas we did not detect fluorescence when we co-expressed SYTA-nEYFP and free cEYFP or expressed nEYFP in leaves infected with TVCV::MP-cEYFP (Figures 3G-3I) . Using transient expression, BiFC has detected MP TMV -ANK interaction and PDLP1 self-interaction at PD in planta [23, 26] . Thus, our findings show that MP TVCV interacted with SYTA early in TVCV infection to recruit SYTA to PD and suggest that SYTA and MP TVCV did not stably interact in the absence of infection. At later stages of TVCV infection, ER membrane rearranges to form enlarged cortical viral replication sites in which MP TVCV accumulates [7] . To examine these sites, we infected syta-1 and SYTA-RFP rescued lines with a TVCV::MP-GFP replicon and also co-expressed SYTA-CFP and RFP-HDEL in N. benthamiana leaves infected with TVCV::MP-GFP. To confirm that these replication sites were at PD, and to examine whether SYTA or ER were in PD at these sites, we transiently expressed SYTA-CFP and PDLP1-GFP, or GFP-HDEL, in N. benthamiana leaves infected with TVCV::MP-RFP. SYTA accumulated and co-localized with MP TVCV and RFP-HDEL within the enlarged viral replication sites adjacent to PD in N. benthamiana (SYTA/ MP co-occurrence: 78.0% ± 4.0%; PCC: 0.61 ± 0.01) ( Figure 4 ) and with MP TVCV at these sites in infected SYTA-RFP rescued lines (Figures 2F-2H ). In N. benthamiana, individual fluorescence intensity measurements showed that MP TVCV and SYTA interacted inside these sites surrounded by ER membrane, which appeared to form a barrier that caged this interaction ( Figures  4I-4M ). Imaging using PDLP1-GFP showed that SYTA was also present in adjacent PD channels where MP TVCV had moved into a neighboring cell, whereas ER membrane at these sites did not accumulate in PD (Figures 4A-4H ). The total number of viral replication sites did not vary among WT Col-0, syta-1, and SYTA-RFP rescued lines; but these sites were significantly smaller in syta-1 compared to WT Col-0 and were restored to their normal size in our rescued line, where they accumulated SYTA-RFP ( Figures 2B-2E ). Our results show that MP TVCV recruits SYTA to PD early in infection, following which SYTA and ER membrane dramatically accumulate and are remodeled to form viral replication sites at PD, where SYTA also accumulates within PD channels that are active in MP TVCV cell-to-cell transport.
SYTA-Tethered ER-PM Contact Sites and Virus Movement
Here, we show that Arabidopsis SYTA is essential to form ER-PM contact sites in plant cells, that SYTA at these sites is necessary for MP TVCV to accumulate in PD to promote virus movement, and that MP TVCV interacts with SYTA during infection to recruit and remodel ER-PM contact sites to form viral replication sites adjacent to PD and relocate SYTA within PD active in MP cell-to-cell transport. SYTA has features of both extended and classical SYTs. Like E-SYTs/Tcbs, SYTA has a predicted SMP domain and is essential for ER-PM tethering to form contact sites. But E-SYTs/Tcbs are anchored to the ER, and the C2C domain is essential for tethering human E-SYTs to the plasma membrane [3, 4] . More like classical SYTs, SYTA has only two C2 domains and localizes to the plasma membrane in plant cells, where it regulates endocytosis and endosome recycling in a C2B-dependent manner, and these features of SYTA are functionally linked with regulating MP activity to alter PD for virus movement [5, 6, 15] . Given the roles of ER-PM contact sites in non-vesicular Ca 2+ and lipid signaling in mammalian cells and yeast, and of Ca 2+ in regulating PD gating and virus movement [4, [27] [28] [29] , our findings suggest a key role for SYTA at ER-PM contact sites in altering PD permeability for virus cellto-cell movement. We propose that MP TVCV -SYTA interaction disrupts ER-PM contact sites, potentially activating SYTA-mediated membrane fusion to expand and remodel these sites to create TVCV replication sites at PD. This would position these remodeled sites at, and SYTA within, the PD channel to modify Ca 2+ and/or lipid signaling to alter PD permeability and enable virus cell-to-cell movement, thereby coupling movement with virus replication. The locally perturbed homeostasis might also amplify this process. This model can explain the cortical ER network collapsing during Tobamovirus infection and reforming at late stages when MP TVCV is degraded, viral replication sites disappear, and ER-PM contact sites could reform. Coupling of virus replication and movement has been proposed for Potato virus X [30] , which also creates cortical ER-associated virus replication sites adjacent to PD. However, not all viruses do this, including CaLCuV and TuMV, both of which require SYTA for MP activity at PD [5, 6] . This suggests the significance of MPs interacting with SYTA at ER-PM contact sites is not forming viral replication sites per se, but remodeling and recruiting these ER-PM junctions to potentially alter PD permeability. 
